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We previously described a novel genetic locus within the ULb= region of the human cytomegalovirus (HCMV) genome that,
while dispensable for replication in fibroblasts, suppresses replication in hematopoietic progenitors and augments replication in
endothelial cells. This locus, referred to as the UL133-UL138 locus, encodes four proteins, pUL133, pUL135, pUL136, and
pUL138. In this work, we have mapped the interactions among these proteins. An analysis of all pairwise interactions during
transient expression revealed a robust interaction between pUL133 and pUL138. Potential interactions between pUL136 and
both pUL133 and pUL138 were also revealed. In addition, each of the UL133-UL138 locus proteins self-associated, suggesting a
potential to form higher-order homomeric complexes. As both pUL133 and pUL138 function in promoting viral latency in
CD34� hematopoietic progenitor cells (HPCs) infected in vitro, we further focused on this interaction. pUL133 and pUL138 are
the predominant complex detected when all proteins are expressed together and require no other proteins in the locus for their
association. During infection, the interaction between pUL133 and pUL138 or pUL136 can be detected. A recombinant virus that
fails to express both pUL133 and pUL138 exhibited a latency phenotype similar to that of viruses that fail to express either
pUL133 or pUL138, indicating that these proteins function cooperatively in latency and do not have independent functions that
additively contribute to HCMV latency. These studies identify protein interactions among proteins encoded by the UL133-
UL138 locus and demonstrate an important interaction impacting the outcome of HCMV infection.

Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus
that establishes a life-long latent infection in the majority of

the human population worldwide (14). The cellular and viral
mechanisms that contribute to persistence of the virus and under-
lie the balance of replicative and latent states of infection are
poorly understood. An understanding of these mechanisms is
critical to designing strategies to control HCMV infection and
viral pathogenesis. HCMV remains an important pathogen in im-
munocompromised individuals, including solid-organ and stem
cell transplant patients, where reactivation poses life-threatening
disease risks (1, 2). Furthermore, the persistence of the virus in
immunocompetent individuals is associated with age-related pa-
thologies, including an increased risk of atherosclerosis, immune
senescence, and frailty (9, 18, 20, 21, 23).

The HCMV genome encodes nearly 200 protein-coding genes
(14). Of these proteins, approximately 43 are highly conserved
among other herpesvirus subfamilies and are essential for viral
replication in cultured fibroblasts (4, 14). In fibroblasts, however,
the majority of viral genes are dispensable for viral replication.
Among these so-called nonessential genes, 20 putative open read-
ing frames (ORFs), including UL133 to UL151, comprising the
ULb= region, are notable (3, 5, 16, 17). The ULb= region is com-
prised of 15 kilobases of sequence that is uniformly lost in strains
of the virus adapted to replication in cultured fibroblasts. As the
genes encoded within the ULb= region are nonessential for viral
replication in fibroblasts, they are hypothesized to be important
for virus dissemination, latency, and pathogenesis in the human
host (7, 24). Due to the lack of a phenotype in fibroblasts, the
coding potential or function has been defined for very few ULb=
genes.

Our previous work has characterized a polycistronic locus
spanning UL133 to UL138 within the ULb= region, which encodes
the UL138 latency determinant, pUL138, and three additional
proteins, pUL133, pUL135, and pUL136 (8, 22). Each of these

proteins is membrane associated and localizes to the Golgi com-
plex (19, 22). As expected of ULb= sequences, the UL133-UL138
locus is dispensable for virus replication in cultured fibroblasts
(22). Intriguingly, the UL133-UL138 locus is required for efficient
HCMV replication in primary endothelial cells. Furthermore, we
have demonstrated a requirement for the UL133-UL138 locus
during a latent infection using an experimental latency model
with primary CD34� human hematopoietic progenitor cells
(HPCs) (7, 19, 22). Within the locus, both pUL133 and pUL138
function in promoting a latent infection (19, 22). The existence of
three cell type-dependent phenotypes suggests that the proteins
within the UL133-UL138 locus differentially contribute to virus
infection depending on the context of infection. The mechanism
by which each protein functions in infection is not yet known.

We hypothesize that the proteins encoded by the UL133-
UL138 locus function in viral infection, in part, through interac-
tions with other viral proteins encoded within this locus. To better
understand how proteins encoded in the UL133-UL138 locus co-
operate in dictating the outcome of infection, we explored the
possibility that these proteins physically interact and sought to
map these interactions. Immunoprecipitation (IP) studies re-
vealed a robust interaction between pUL138 and pUL133 in cells
transiently expressing each protein. Potential interactions be-
tween pUL136 and both pUL133 and pUL138 were also detected
in transient-overexpression experiments. Each of the proteins was
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also able to self-associate. Of these interactions, we detected an
interaction between pUL133 and pUL138 or pUL136 during in-
fection in fibroblasts but not in endothelial cells. As pUL133 and
pUL138 are both important for the latent phenotype, we explored
the possibility that pUL133 and pUL138 function cooperatively in
promoting a latent infection. A mutant virus containing disrup-
tions in both UL133 and UL138, TB40E-UL133Stop/UL138Stop, ex-
hibited a loss of latency phenotype but did not produce higher
frequencies of infectious centers than viruses containing a single
disruption of UL133 or UL138. This result suggests that pUL133
and pUL138 function cooperatively to promote viral latency and
do not have independent roles.

MATERIALS AND METHODS
Cells. Human embryonic kidney 293T (HEK293T) cells (ATCC, Manas-
sas, VA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 10 mM HEPES, 1 mM
sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids,
100 U/ml penicillin, and 100 mg/ml streptomycin. Primary human em-
bryonic lung fibroblasts (MRC5) (ATCC) were maintained as described
previously (22). 293FT cells were cultured in DMEM supplemented with
10% normal calf serum (NCS), and 100 U/ml penicillin, and 100 mg/ml
streptomycin. Primary human microvascular lung endothelial cells
(HMVECs) were cultured in microvascular endothelial cell growth me-
dium 2 (EGM-2 MV; Lonza, Walkersville, MD). All cells were maintained
at 37°C with 5% CO2.

Virus strains. Recombinant HCMV strains TB40E-WT, TB40E-
UL133Stop, TB40E-UL138Stop, TB40E-UL135myc, and TB40E UL136myc

were described previously (22). The TB40E-UL133Stop/UL138Stop and
UL138Flag viruses were generated by using the TB40E-WT bacterial arti-
ficial chromosome (BAC) by recombination in Escherichia coli using a
two-step positive-negative selection method that leaves no trace of the
engineering process (22, 25, 26). Briefly, the galK cassette was substituted
for UL133 in the TB40E-UL138Stop virus BAC (19) in the first step. A PCR
product was generated from the UL133 coding sequence in the TB40E-
UL133Stop virus genome by using primers used to create TB40E-
UL133Stop (22). galK was replaced with the UL133Stop sequences by ho-
mologous recombination in the second step. Virus stocks were
propagated and stored and titers were determined as described previously
(19).

Expression constructs. The construction of myc epitope-tagged ex-
pression constructs in the pCIG2-IRES-EGFP expression vector was de-
scribed previously (22). To generate pCIG2-UL133HA-eGFP, UL133 was

amplified by PCR from the TB40E BAC isolate by using a reverse primer
with a hemagglutinin (HA) epitope tag (YPYDVPDYA) (Table 1) and
cloned into the NheI and EcoRV sites of pCIG2-IRES-EGFP, as described
previously (8). pCIG2-UL136HA-IRES-eGFP was generated in the same
way, using a reverse primer containing the HA epitope tag. pCIG2-
UL138Flag-PURO was generated by PCR amplifying UL138 from the re-
combinant HCMV strain TB40E-UL138Flag BAC isolate by using a reverse
primer to the Flag epitope tag. The UL138Flag construct was cloned into
the NheI and EcoRV sites of pCIG2-IRES-PURO, generating a 3�
Flag-tagged UL138 expression construct. Lastly, pCIG2-UL138SII-EE-
IRES-PURO was generated in an identical manner, using a reverse
primer with a tandem StrepII (SII) (WSHPQFEK)–Glu-Glu (EE)
(EYMPME) epitope tag. All constructs were confirmed by restriction di-
gestion and sequencing.

Lentiviruses. To generate lentiviruses expressing tagged protein vari-
ants, 293FT cells were transfected with pCIG2 variants encoding tagged
versions of pUL133, pUL135, pUL136, or pUL138 in combination with
the lentiviral packaging vectors pVSV-G, pLP1, and pLP2 (kind gifts from
L. Lybarger) in a 2:1:1:1 ratio using Lipofectamine 2000 (Invitrogen, CA)
according to the manufacturer’s instructions. The supernatant containing
lentivirus was harvested at 48 and 96 h posttransfection and pelleted at
3,220 � g for 15 min at 4°C to remove cellular debris. Lentivirus particles
were pelleted for 2 h at 17,000 rpm in an SW28 rotor (Beckman Coulter,
CA) at 4°C. Virus pellets (100�) were resuspended in Iscove’s modified
Dulbecco’s medium (IMDM) plus 2% bovine serum albumin (BSA) for 1
h on ice, and aliquots were stored at �80°C until use. The titers of lenti-
viruses on fibroblasts were determined as the 50% tissue culture infective
dose (TCID50).

Immunoprecipitation. HEK293T cells in 100-mm dishes were trans-
fected with Lipofectamine 2000 (Invitrogen), according to the manufac-
turer’s instructions. A total of 6.93 �g of each uniquely tagged expression
construct (pUL133Flag, pUL135HA, pUL136myc, and pUL138SII-EE) was
mixed in 500 �l of Opti-MEM, and 14.85 �l of Lipofectamine 2000 was
mixed in 500 �l Opti-MEM. Mixtures were combined and added to cells
for a 6-h transfection period before replacement with normal growth
medium. At 48 h posttransfection, cells were harvested by trypsinization
and pelleted at 450 � g for 6 min at 4°C. In the case of viral infection,
fibroblasts were infected with recombinant viruses or transduced with
lentiviruses expressing Flag- or myc-tagged pUL133, pUL135, pUL136,
and pUL138 at a multiplicity of infection (MOI) of 1 for 48 h. Superna-
tants were aspirated, and cell pellets were resuspended in phosphate-buff-
ered saline (PBS) plus 20 mM iodoacetamide (IAA) and pelleted a second
time at 450 � g for 6 min at room temperature. Supernatants were dis-

TABLE 1 Primers used for cloning into the pCIG vector and to generate recombinant viruses

Primera Sequence (5=–3=)b

UL133-Fwd ccggaattcgctagcaccATGGGTTGCGACGTGCACGATCCTTCG
UL133HA-Rev gggggatatcTTACGCGTAATCTGGAACATCGTATGGGTAACCGCCACCGCCCGTTCCGGTCTGATGCTGCTGC
T40E-UL133Stop-GalK-Fwd CCACTGTAGGGATAAATAGTGCGATGGCGTTTGTGAGAGAACGCAGTAGCGCCTGTTGACAATTAATCATCGGCA
T40E-UL133Stop-GalK-Rev GGAAGGAGATGTGGGCCAAGTCGGAAAATTCCTTATCACACCGGGGGCGGGTCAGCACTGTCCTGCTCCTT
T40E-UL133Stop-Fwd CCACTGTAGGGATAAATAGTGCGATGGCGTTTGTGAGAGAACGCAGTAGCGTAAGGTTGAGACGTGCACGAT

CCTTCG
T40E-UL133Stop-Rev GGAAGGAGATGTGGGCCAAGTCGGAAAATTCCTTATCACACCGGGGGCGGGTTACGTTCCGGTCTGATGCTG

CTGCTG
T40E-UL138Flag-GalK-Fwd CCGCGACGCAGTTCACCACCGTAGCCATGGTACATTATCATCAAGAATACACGCCTGTTGACAATTAATCATCGGCA
T40E-UL138Flag-GalK-Rev GTCAAAACGACATTACCGCGATCCGCTCCCCTCTTTTTTCTTTTTCTCATTCAGCACTGTCCTGCTCC
T40E-UL138Flag-Fwd CCGCGACGCAGTTCACCACCGTAGCCATGGTACATTATCATCAAGAATACACGGGCGGTGGCGGTGATTATA

AAGATGATGATGATAAAGGGGCA
T40E-UL138Flag-Rev GTCAAAACGACATTACCGCGATCCGCTCCCCTCTTTTTTCTTTTTCTCATTCATTACTTGTCGTCGTCGTCCT

TGTAGT
a Fwd, forward; Rev, reverse.
b Enzyme sites are in lowercase type.
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carded, and cell pellets were flash-frozen in liquid nitrogen and stored at
�80°C.

For transfected-cell immunoprecipitations (IP), cells were lysed for 5
to 10 min on ice in 1% NP-40 IP buffer (PBS with 1% Igepal CA-630
[NP-40], 20 mM IAA, 0.2 mM phenylmethanesulfonyl fluoride [PMSF],
1� Halt protease inhibitor cocktail [Pierce], and 1 mM EDTA). Lysates
were cleared of nuclear debris by centrifugation at 14,000 � g for 20 min
at 4°C. Supernatants were mixed with Zysorbin (Invitrogen) at a final
concentration of 0.25%, shaken for 30 min at 4°C, and pelleted at
10,000 � g for 5 min at 4°C. Final protein concentrations were determined
by a bicinchoninic acid (BCA) assay (Pierce Biotechnology, Rockford, IL).
One hundred micrograms of the transfected-cell lysate was mixed with
0.24, 0.975, 2.25, and 0.324 �g of rabbit antibodies specific to the myc
(71D10; Cell Signaling Technology, Danvers, MA), HA (C29F4; Cell Sig-
naling Technology), Flag (F7425; Sigma Aldrich, St. Louis, MO), and
Glu-Glu (Cell Signaling Technology) epitope tags, respectively, that had
been prebound to protein G plus agarose (overnight at 4°C) and incu-
bated overnight at 4°C. The protein G immune complexes were washed 3
times for 10 min each in NP-40 wash buffer (PBS plus 0.1% Igepal CA-630
[NP-40] and 20 mM IAA). The immune complexes were collected by
centrifugation at 10,000 � g for 2 min at 4°C, resuspended in nonreducing
SDS sample buffer (0.0625 M Tris HCl, 2% SDS, 10% glycerol, 0.002%
bromophenol blue), heated at 95°C for 5 min, and analyzed by immuno-
blotting.

For infected-cell IP, cells were lysed for 5 to 10 min on ice in 1% NP-40
IP buffer or radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris
[pH 8.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, and 1 mM PMSF plus 1� Halt protease inhibi-
tor cocktail). Lysates were cleared of nuclear debris by centrifugation at
14,000 � g for 20 min at 4°C. Supernatants were mixed with Zysorbin at a
final concentration of 0.25%, shaken for 30 min at 4°C, and pelleted at
10,000 � g for 5 min at 4°C. Final protein concentrations were determined
by BCA assay. A total of 200 to 300 �g of the infected cell lysate was
combined with 0.5 �g (2 �g/ml final concentration) of rabbit polyclonal
antibodies specific to pUL133 or antibody-matched preimmune control
sera and incubated overnight at 4°C. The immune complexes from the
infected-cell lysates were bound to prewashed protein A beads (Pierce) for
1 h at 4°C. The protein A immune complexes were washed three times for
10 min each with wash buffer (10 mM Tris [pH 8.5], 150 mM NaCl, 1 mM
EDTA, 0.1% NP-40, and 1 mM PMSF) and one time for 10 min with PBS
to wash away the detergent. The immune complexes were collected by
centrifugation at 10,000 � g for 2 min at 4°C, resuspended in nonreducing
SDS sample buffer, heated at 95°C for 5 min, and analyzed by immuno-
blotting.

Immunoprecipitation supernatants were concentrated by trichloro-
acetic acid (TCA)-acetone precipitation using 1 supernatant volume of
TCA to 8 volumes of cold acetone for 3 h at �80°C. Proteins were pelleted
at 17,000 � g at 4°C for 30 min before being washed once in cold acetone.
Pellets were air dried for 10 min, resuspended in nonreducing sample
buffer, heated at 95°C for 5 min, and analyzed by immunoblotting. For
comparisons, 100 �g of each lysate was also TCA-acetone precipitated
prior to gel loading.

Immunoblotting. Immunoblotting was described previously (19).
Briefly, 100 �g of immunoprecipitate or precipitated supernatant was
separated on 4 to 12% NuPAGE Bis-Tris (Invitrogen, CA) or 11% Bis-Tris
gels by electrophoresis and transferred onto 0.45-�m polyvinylidene di-
fluoride (Immobilon-FL; Millipore, MA) membranes. The proteins were
immunoblotted by using mouse antibodies specific to epitope tags or
rabbit polyclonal antibodies directed against each protein (Open Biosys-
tems, Rockford, IL) and detected by using fluorescently conjugated sec-
ondary antibodies and the Odyssey infrared imaging system (Li-Cor, NE).
All antibodies were used as previously described (22).

Infectious-center assay. CD34� HPCs isolated from human cord
blood were infected at an MOI of 2 for 20 h in IMDM supplemented with
10% BIT9500 serum substitute (Stem Cell Technologies, Canada), 2 mM

L-glutamine, 20 ng/ml low-density lipoproteins, and 50 �M 2-mercapto-
ethanol. Following infection, pure populations of infected CD34� HPCs
(green fluorescent protein [GFP] positive [GFP�]) were isolated by fluo-
rescence-activated cell sorter (FACS) analysis (FACSAria; BD Biosciences
Immunocytometry Systems, San Jose, CA) by using a phycoerythrin-con-
jugated antibody specific to CD34 (BD Biosciences) and were cultured in
transwells above an irradiated (4,000 rads) (137Cs Gammacell-40 irradia-
tor type B; Atomic Energy of Canada Ltd., Ottawa, Canada) M2-10B4 and
S1/S1 stromal cell monolayer (13) for 10 to 12 days. The frequency of
production of infectious centers was measured by using a limiting-dilu-
tion assay as described previously (7). Briefly, infected HPCs were serially
diluted 2-fold in long-term bone marrow culture (LTBMC) medium. An
aliquot (0.05 ml) of each dilution was added to 12 wells (the first dilution
corresponds to 40,000 cells per well) of 96-well tissue culture plates con-
taining MRC5 cells. MRC5 cells were monitored for GFP expression for a
period of 14 days. The frequency of infectious centers formed was calcu-
lated based on the number of GFP� cells at each dilution using Extreme
Limiting Dilution Analysis (ELDA) software (http://bioinf.wehi.edu.au
/software/elda) (10).

RESULTS
Mapping pairwise interactions between proteins encoded
within the UL133-UL138 locus. The UL133-UL138 locus, while
dispensable for replication in fibroblasts, is required for replica-
tion in endothelial cells and suppresses replication in hematopoi-
etic cells, presumably for the establishment of latency (22). Previ-
ously, we demonstrated a loss of latency defect (6, 7) in
recombinant viruses when the entire locus, UL133 alone (22), or
UL138 alone (19, 22) was disrupted. Furthermore, each of the
proteins encoded by the UL133-UL138 locus partially localizes to
the Golgi complex when either transiently expressed or expressed
within the context of infection (19, 22).

Given the coordinated expression and overlapping localiza-
tion, we reasoned that the proteins encoded by this locus might
function through direct interactions with one another. To explore
the potential interactions between the proteins encoded within
the UL133-UL138 locus, we cloned UL133, UL135, UL136, and
UL138 into the pCIG expression vector with 3= in-frame 3� Flag,
HA, myc, and StrepII– glutamate-glutamate (EE) epitope tags, re-
spectively. Using these tools, we examined all possible pairwise
interactions between members of the UL133-UL138 locus. We
transiently expressed all combinations of any two epitope-tagged
proteins in HEK293T cells. At 48 h posttransfection, lysates were
immunoprecipitated with rabbit antibodies specific to one
epitope tag in the pair, and complexes were collected and immu-
noblotted with antibodies specific to the alternant epitope tag in
the pair to detect the interaction. Results for each interaction pair
are shown in Fig. 1.

pUL133Flag and pUL135HA failed to coprecipitate when pulled
down with antibody specific to either the Flag or HA epitope,
suggesting that these two proteins do not interact, at least under
the conditions tested (Fig. 1A). A potential interaction between
pUL133Flag and pUL136myc was detected (Fig. 1B). For this immu-
noprecipitation pair, a small proportion of both pUL133Flag and
pUL136myc was coprecipitated with antibodies specific to the
epitope tag of the other protein, suggesting that this may be a
transient or weak interaction. The most apparent and robust interac-
tion occurred in cells expressing pUL133Flag and pUL138SII-EE;
pUL133Flag and pUL138SII-EE were coprecipitated by using an an-
tibody to either the EE or Flag tag, respectively (Fig. 1C). This
result strongly indicates a direct interaction between pUL133 and
pUL138. We detected potential interactions between pUL135HA
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and either pUL138SII-EE (Fig. 1D) or pUL136myc (Fig. 1E). In each
case, small amounts of the interacting partner that were just above
the background level were detected, similar to the pUL133Flag-
pUL136myc interaction. pUL138SII-EE coprecipitated with the
pUL136myc pulldown (Fig. 1F); however, pulling down in the op-
posite direction on pUL138SII-EE did not coprecipitate pUL136myc

above background levels. The precipitation of complexes in only
one direction may indicate that the SII-EE epitope may be inac-
cessible in complexes containing pUL136myc and pUL133SII-EE,
perhaps due to the formation of higher-order complexes or inter-
actions with other proteins. This series of immunoprecipitation
experiments was conducted under a variety of buffer conditions,
with no significant changes in the interactions being observed
(data not shown). To ensure that the presence or absence of de-
tectable interactions was not a result of specific epitope tag com-
binations, immunoprecipitations were also performed in which
each protein was tagged with a different epitope or not tagged, in
the case of pUL133 and pUL138, with similar results (data not
shown). From our results, we consider the pUL133-pUL138 inter-
action to be the most robust of all possible interactions analyzed.
While our data do not exclude weak or transient interactions be-
tween pUL135HA and pUL133Flag, pUL136myc, or pUL138SII-EE or
between pUL136myc and pUL133Flag or pUL138SII-EE, a definitive
demonstration of these interactions requires further work.

UL133-UL138 locus proteins self-associate. Having identified
potential intermolecular interactions between proteins encoded
by the UL133-UL138 locus, we next asked whether these proteins
had the ability to self-associate. If so, this would suggest the exis-
tence of multimeric complexes, consisting of not only multiple
proteins from this locus but also multiple molecules of the same
protein. We explored this possibility by immunoprecipitating
complexes from lysates of HEK293T cells expressing two uniquely
tagged variants of each protein. Immunoprecipitates were ana-
lyzed for the presence of both epitope tags by immunoblotting
(Fig. 2). The precipitation of pUL133 with either the myc or HA

antibody precipitated the other tagged form (Fig. 2A). For
pUL135, the pUL135HA pulldown coprecipitated pUL135myc, but
the pulldown of pUL135myc did not coprecipitate pUL135HA (Fig.
2B). Similar to pUL133, pUL136 expressed as either a myc- or
HA-tagged variant coprecipitated with the alternant tagged vari-
ant (Fig. 2C). Finally, pUL138 expressed as either a myc- or a
Flag-tagged variant coprecipitated the alternant tagged variant
(Fig. 2D). These results suggest that each protein encoded by the
UL133-UL138 locus can form higher-order complexes with itself.

pUL133 and pUL138 interact directly and specifically.
pUL133 and pUL138 demonstrated the most robust interaction in
our pairwise analysis (Fig. 1). As both of these proteins are impor-
tant for the latency phenotype in vitro (22), we focused on this
interaction in further analyses. In an effort to better characterize
this interaction, we analyzed the interaction quantitatively under
various conditions by immunoprecipitation. Immunoprecipita-
tions using rabbit antibodies specific to the myc or HA tag were
performed with 100 �g of lysate derived from HEK293T cells ex-
pressing both pUL133HA and pUL138myc. Both the immunopre-
cipitates and the supernatants were evaluated by immunoblotting
using mouse antibodies to the myc and HA epitope tags. In lysates
containing pUL133HA and pUL138myc, immunoprecipitation
with the anti-myc antibody nearly cleared the supernatant (Fig.
3A, bottom, lane 2) and precipitated pUL138myc (Fig. 3A, bottom,
lane 3) but also coprecipitated more than 50% of pUL133HA (Fig.
3A, top, lanes 2 and 3). Similarly, the immunoprecipitation of
pUL133HA with the anti-HA antibody completely cleared the su-
pernatant (Fig. 3A, top, lane 4) and precipitated pUL133HA (Fig.
3A, top, lane 5) and also coprecipitated more than 50% of
pUL138myc (Fig. 3A, bottom, lanes 4 and 5). A no-antibody im-
munoprecipitation control (Agarose� beads only) failed to pre-
cipitate either protein, as all the protein remained in the superna-
tant (Fig. 3A, lanes 6 and 7), indicating that the proteins do not
nonspecifically precipitate with the protein G-Agarose� beads.
These results demonstrate a specific interaction between

FIG 1 Paired protein interactions from the UL133-UL138 locus. HEK293T cells were transiently transfected with various pairs of expression vectors encoding
uniquely tagged ORFs within the UL133-UL138 locus. The protein pair examined in each panel is indicated above the immunoblot. In each panel, protein lysates
were assayed for protein-protein interactions by immunoprecipitation using rabbit antibodies (R) against the Flag, HA, myc, or EE epitope tag, and interacting
partners were detected by immunoblotting with antibodies specific to the epitope tag of the other protein in the pair, as indicated beside the blot. Lysates
incubated with protein G-Agarose� and no antibody served as negative controls (No Ab.). The immunoprecipitations shown are representative of 3 to 4
independent experiments.
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pUL133myc and pUL138HA. During coprecipitation, pUL138myc

and pUL133HA were nearly, but not completely, cleared from the
supernatants by the pulldown of the interacting partner, suggest-
ing that the majority, but not necessarily all, of each protein exists
in a pUL133-pUL138 complex.

Importantly, immunoprecipitations from lysates containing
both pUL133HA and pUL138myc, which were boiled in 1% SDS
prior to coimmunoprecipitation, precipitated only the target of
each antibody and failed to coprecipitate the interacting partner
(Fig. 3B, lanes 3 and 5). Furthermore, immunoprecipitations
from a mixture of two lysates, one containing only pUL133HA

combined with one containing only pUL138myc, precipitated only
the targets of each antibody and failed to precipitate the interact-
ing partners (Fig. 3C, lanes 3 and 5), indicating that these com-
plexes form in intact cells and do not form postlysis. To demon-
strate the specificity of each immunoprecipitation, an anti-myc
immunoprecipitation did not precipitate pUL133HA from lysates

containing only pUL133HA (Fig. 3D, top, lane 3), whereas
pUL133HA was efficiently precipitated by the pulldown with the
anti-HA antibody (Fig. 3D, top, lane 5). Furthermore, the
anti-HA antibody did not precipitate pUL138myc from lysates
containing only pUL138myc (Fig. 3E, bottom, lane 5), whereas
pUL138myc was efficiently precipitated by the pulldown with the
anti-myc antibody (Fig. 3E, bottom, lane 3). Again, proteins re-
mained in the supernatant in the no-antibody controls (Fig. 3D
and E, lanes 6 and 7). Lysates containing each protein were run as
a control for the antibodies used for immunoblotting (Fig. 3D and
E, lane 8). Taken together, these data indicate a specific and robust
interaction between pUL133 and pUL138.

FIG 2 UL133-UL138 locus proteins self-associate. HEK293T cells were tran-
siently transfected with sets of two uniquely tagged versions of each of the four
proteins expressed from the UL133-UL138 locus and screened for their ability
to self-associate by coimmunoprecipitation using rabbit antibodies specific to
the myc, HA, and Flag epitope tags, followed by immunoblotting using mouse
antibodies specific to the myc, HA, and Flag epitope tags, as indicated beside
each blot.

FIG 3 pUL133 specifically interacts with pUL138. HEK293T cells were tran-
siently transfected with pUL133HA and pUL138myc alone or in combination,
and 100 �g of lysate was analyzed for protein interactions under various con-
ditions by coimmunoprecipitation using rabbit antibodies to the HA and myc
epitope tags, followed by immunoblotting with mouse antibodies to the HA
and myc epitope tags. Both immunoprecipitates (I) and protein remaining in
the supernatants (S) were examined. Lysates (L) served as a positive control for
the antibody. (A) Lysate from cells expressing both pUL133myc and pUL138HA.
(B) SDS (1%) was added to the lysate from cells expressing both pUL133myc

and pUL138HA and boiled prior to immunoprecipitation. (C) Mixed lysates. A
lysate from cells expressing only pUL133HA was combined with a lysate ex-
pressing only pUL138myc prior to immunoprecipitation. (D) Lysate from cells
expressing only pUL133myc. (E) Lysate from cells expressing only pUL138myc.
Opposite lysate controls (OL) in lanes 8 of panels D and E are protein expres-
sion and antibody controls for the myc and HA blots, respectively.

HCMV UL133-UL138 Locus Interactions

August 2012 Volume 86 Number 16 jvi.asm.org 8657

http://jvi.asm.org


pUL133 and pUL138 form the predominant UL133-UL138
locus interaction. As pUL133 and pUL138 were found to weakly
or transiently interact with other UL133-UL138 locus proteins
(Fig. 1), we analyzed the pUL133-pUL138 interaction in cells rel-
evant to HCMV infection that concomitantly expressed all four
UL133-UL138 locus proteins. MRC5 fibroblasts were transduced
with lentivirus constructs expressing myc-tagged variants of each
protein. pUL136 is expressed at very low levels during infection
(22), and expression from lentiviral vectors is necessary to achieve
protein expression levels sufficient for immunoprecipitation. Ly-
sates were immunoprecipitated with pUL133 polyclonal antisera
and blotted with the myc antibody to detect possible myc-tagged
interacting proteins. While all UL133-UL138 locus proteins were
abundantly expressed, the only interacting partner to coprecipi-
tate with pUL133 was pUL138 (Fig. 4A, lane 6), suggesting that
this is the primary interaction with pUL133. This experiment did
not confirm the interaction between pUL133 and pUL136 de-
tected in Fig. 1. No proteins were precipitated with the preim-
mune sera (Fig. 4A, lane 5). Importantly, pUL138 was not coim-
munoprecipitated with the pUL133 antibody when pUL133 was
not present in the lysate (Fig. 4A, compare lanes 1 and 3). This
experiment demonstrates an exclusive and specific interaction be-
tween pUL133 and pUL138 that does not include other members
of the UL133-UL138 locus.

We further analyzed the requirement for or contribution of
other UL133-UL138 locus proteins in the pUL133-pUL138 inter-
action; we analyzed this complex under conditions where
pUL135, pUL136, or pUL138 was omitted. The interaction be-
tween pUL133 and pUL138 does not depend on nor is it altered by
the absence of other proteins from this locus, since the omission of
any single protein from the lysate did not alter the interaction
between pUL133 and pUL138 (Fig. 4B, compare lane 3 to lanes 6
and 9). From these data, we conclude that despite possible inter-
actions with pUL136, pUL136 is not required for the formation of
the pUL133-pUL138 complex, and our data suggest that pUL136
does not enter pUL133-pUL138 complexes. When pUL138 was
omitted, we did not readily detect other proteins from the locus in
a complex with pUL133 (Fig. 4B, lane 12).

pUL133 interacts with pUL136 and pUL138 during infection.
To investigate the interaction between pUL133 and pUL138 in the
context of a viral infection, MRC5 fibroblasts were infected with a
recombinant virus, TB40E-UL138Flag, expressing a C-terminal
Flag-tagged variant of pUL138 for 48 h. Immunoprecipitation us-
ing the polyclonal antisera specific to pUL133 coprecipitated a
portion of pUL138Flag (Fig. 5A, lane I), demonstrating that the
interaction between pUL138 and pUL133 occurs during infection.
No pUL138 was detected in immunoprecipitations using preim-
mune sera (Fig. 5A, lane P). Immunoprecipitates from cells in-
fected with recombinant viruses expressing myc-tagged variants
of pUL135 (Fig. 5B) or pUL136 (Fig. 5C) demonstrated that the
pUL133 pulldown coprecipitates a portion of pUL136 but not
pUL135. These data are consistent with the findings from our
one-on-one interaction studies during transient expression
(Fig. 1). We also performed immunoprecipitations at 3 days
postinfection and obtained similar results (data not shown).

Given the requirement for the UL133-UL138 locus for viral
replication in endothelial cells (22), we investigated the interac-
tion between pUL133 and pUL138 in primary human microvas-
cular lung endothelial cells (HMVECs). These cells exhibit a defect
(�2 logs) for replication of the UL133-UL138NULL virus similar to

that of a variety of other endothelial cell types, including human
umbilical vein endothelial cells (HUVECs) (22). HMVECs were
infected with TB40E-UL138Flag or TB40E-UL133myc. At 96 h
postinfection (hpi), pUL133 or pUL133myc was immunoprecipi-
tated from lysates by using pUL133-specific polyclonal antisera or
the mouse anti-myc antibody, respectively. Despite abundant
protein being present in the lysates (Fig. 6A and B, lane L), we did
not detect an interaction between pUL133 and pUL138 in endo-
thelial cells (Fig. 6A and B, bottom, lane I). These data indicate
that the interactions between pUL133 and pUL138 are dependent
on the cell type. While we did not detect the pUL133-pUL138

FIG 4 The pUL133-pUL138 interaction is the predominant interaction when
all UL133-UL138 proteins are expressed together. (A) MRC5 fibroblasts were
transduced with lentiviruses expressing myc-tagged pUL135, pUL136, and
pUL138 in the absence (lanes 1 to 3) or presence (lanes 4 to 6) of a pUL133myc-
expressing lentivirus. Interactions with pUL133 were analyzed by immuno-
precipitation using rabbit polyclonal antisera against pUL133, followed by
immunoblotting with mouse anti-myc antibody (M � myc) to detect proteins
expressed from each construct. Preimmune pUL133 antiserum was used as a
control. Data for lysates (L), the preimmune serum control (P), and rabbit
anti-UL133 IP (I) are shown. (B) MRC5 fibroblasts were transduced with
lentiviruses expressing myc-tagged pUL133, pUL135, pUL136, and pUL138 in
various combinations. Interactions with pUL133 were analyzed by immuno-
precipitation as described above for panel A. Data for lysates, preimmune
control IP, and rabbit anti-UL133 IP are shown for each combination. WB,
Western blotting.
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complex in endothelial cells, we cannot rule out the existence of
other complexes derived from the UL133-UL138 locus that were
not detected in MRC5 cells.

pUL133 and pUL138 cooperatively promote HCMV latency.
Our work has demonstrated a role for both pUL133 (22) and
pUL138 (19) in suppressing viral replication in CD34� HPCs for
latency. To better understand the requirement for pUL133 and
pUL138 in latency, we created a recombinant virus, TB40E-
UL133Stop/UL138Stop, containing disruptions (substitutions of
stop codons) in both UL133 and UL138 (Fig. 7A). Viruses con-
taining disruptions in UL133 or UL138 consistently replicate to
slightly increased yields relative to those of the wild-type (WT)
virus (22). As would be expected, TB40E-UL133Stop/UL138Stop

replicated similarly to the wild-type, UL133Stop, and UL138Stop

viruses (Fig. 7B). We confirmed the coding sequence disruptions
by immunoblotting. All recombinant viruses expressed equivalent
levels of IE1 and IE2 (Fig. 7C), confirming the replication kinetics
depicted in Fig. 7B. The recombinant viruses failed to express
proteins targeted for disruption (Fig. 7C). The expression of
pUL135 and other UL133-UL138 proteins indicates that the dis-
ruption of pUL133 or pUL138 does not alter the expression of
other proteins in the locus.

We analyzed TB40E-UL133Stop/UL138Stop for its ability to es-
tablish and maintain a latent infection in CD34� HPCs relative to
the wild-type virus or viruses containing a disruption in only
UL133 or UL138. CD34� HPCs purified from cord blood were

infected at an MOI of 2. Infected (GFP�) CD34� cells were puri-
fied 24 h later by fluorescence-activated cell sorting and seeded
into a long-term bone marrow culture. At 10 days postinfection,
we analyzed the frequency of production of infectious centers us-
ing a modified TCID50 assay and Extreme Limiting Dilution Anal-
ysis (ELDA) software. Relative to TB40E-WT, TB40E-UL133Stop/
UL138Stop exhibited an enhanced replicative capacity, producing a
2-fold-higher frequency of infectious centers (Fig. 7D). Infection
with viruses containing single mutations in either UL133 or
UL138 resulted in similar frequencies of infectious centers relative
to that of the double mutant virus. In fact, Student’s t tests com-
paring the means from infection with TB40E-UL133Stop or
-UL138Stop to those from infection with the double mutant virus
indicate that these data are not statistically different. This result
suggests a cooperative relationship between pUL133 and pUL138
in establishing latency and that pUL133 and pUL138 do not inde-
pendently or additively contribute to this phenotype.

DISCUSSION

The UL133-UL138 locus encodes four novel proteins important to
cell type-dependent outcomes of HCMV infection, including la-
tency (8, 22). We have previously shown that pUL133 and pUL138
suppress replication for a latent infection in CD34� HPCs in-
fected in vitro but are not required for replication in fibroblasts
(19, 22). While the UL133-UL138 locus is required for efficient
replication in endothelial cells, UL138 alone is dispensable (22).
Given the coordinated expression and overlapping subcellular lo-
calization of pUL133, pUL135, pUL136, and pUL138, we hypoth-
esized that these proteins cooperate to dictate the outcome of
infection. In this work, we have explored possible interactions

FIG 5 pUL133 interacts with pUL138 or pUL136 during infection of fibro-
blasts. Lysates derived from fibroblasts infected with TB40E-UL138Flag (A),
TB40E-UL135myc (B), or TB40E-UL136myc (C) were prepared at 48 h postin-
fection and immunoprecipitated by using rabbit polyclonal antisera specific
for pUL133. Coprecipitating proteins were detected by immunoblotting using
rabbit polyclonal antibodies specific to pUL133 and polyclonal antisera against
pUL138 (A) or mouse anti-myc antibody (B and C). Data for lysates (L), the
preimmune serum control (P), and rabbit anti-UL133 IP (I) are shown.

FIG 6 The pUL133-pUL138 interaction is absent in infected endothelial cells.
Lysates derived from HMVECs infected with TB40E-UL138Flag (A) or TB40E-
UL133myc (B) were prepared at 4 days postinfection and immunoprecipitated
by using rabbit polyclonal antisera specific for pUL133 or mouse monoclonal
antibodies specific to the myc epitope tag. Coprecipitating proteins were de-
tected by immunoblotting using rabbit polyclonal antibodies specific to
pUL133 and pUL138. Data for lysates (L), the preimmune serum control (P),
and rabbit anti-UL133 IP (I) are shown.
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between these proteins to understand how they may cooperate in
infection. The protein interactions revealed by this work are sum-
marized by the interaction map shown in Fig. 8. Each of the pro-
teins, pUL133, pUL135, pUL136, and pUL138, was able to self-
associate, indicating the potential to form high-order homomeric
complexes (Fig. 2). In addition, we detected a robust and highly
specific interaction between pUL133 and pUL138 when expressed
transiently (Fig. 1, 3, and 4) or during virus infection in fibroblasts

(Fig. 5). Interestingly, this interaction was not detected in endo-
thelial cells (Fig. 6), suggesting that the interaction depends on the
cell type infected. The interaction between pUL133 and pUL138 is
of significant interest, since both of these proteins are important
for viral latency (22). The disruption of both UL133 and UL138
resulted in the same phenotype in CD34� cells as the disrup-
tion of either gene alone, suggesting that pUL133 and pUL138
do not independently or additively contribute to latency (Fig.

FIG 7 pUL133 and pUL138 contribute cooperatively to HCMV latency. (A) Schematic of recombinant viruses constructed for this study. (B) MRC5 cells were
infected with TB40-WT, TB40-UL133Stop, TB40-UL138Stop, or TB40-UL133Stop/UL138Stop at an MOI of 0.5. Virus yields were measured as the TCID50 at the
times indicated. (C) MRC5 cells infected with TB40E-WT or mutants at an MOI of 1.0 were harvested at 2 days postinfection (dpi), and lysates prepared from
equal numbers of cells were analyzed by immunoblotting using either mouse anti-IE1 and anti-IE2 antibody to detect IE genes or rabbit polyclonal antibodies
against each UL133-UL138 protein. �-Tubulin was used as a protein loading control. (D) CD34� HPCs infected with TB40E viruses were maintained in LTBMC
medium for 10 dpi, after which lysates from infected CD34� HPCs were serially diluted onto MRC5 cells plated into 96-well dishes. The frequency of formation
of infectious centers was determined 15 to 20 days later from the number of GFP� wells at each dilution by using ELDA software. The statistical significance
comparing each of the mutant viruses to TB40E-WT was determined by Student’s t test (P � 0.002, P � 0.011, and P � 0.003 for TB40E-UL133Stop,
TB40E-UL138Stop, and TB40E-UL133Stop/UL138Stop, respectively). The standard errors of the means from three independent experiments are shown.
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7D). Interestingly, pUL133 and pUL138 are always expressed
together in any context that has been tested (22), consistent
with a requirement for both proteins. A demonstration of the
existence of the pUL133-pUL138 interaction in CD34� HPCs
has not yet been possible due to the low levels of protein ex-
pression in these cells and the requirement for large cell num-
bers for immunoprecipitation and antibody detection (data
not shown).

pUL138 was recently shown to enhance cell surface levels of
tumor necrosis factor receptor (TNFR) (12, 15). Increased cell
surface TNFR levels were observed for cells transiently expressing
pUL138 alone and were not observed for cells expressing pUL133
(15). These data suggest that pUL138 modulates cell surface levels
of TNFR independently of its interaction with pUL133. In con-
trast, our data (Fig. 6) establish cooperative, rather than indepen-
dent, roles for pUL133 and pUL138 in latent infection. Therefore,
more work is required to understand the relationship between the
pUL138 modulation of TNFR, interactions with UL133-UL138
locus proteins, and functions in latency. pUL138-mediated en-
hanced surface levels of TNFR correlate with increased sensitivity
to NF-�B stimulation and a corresponding induction of immedi-
ate-early (IE) gene expression. We also previously reported that
pUL138 expression results in slightly increased levels of major
immediate-early promoter activation and IE gene expression (19).
These finding are suggestive of a role for pUL138 in activating viral
replication but are seemingly inconsistent with a role for these
proteins in suppressing viral replication for latency in CD34�

HPCs. Elegant in vivo studies using murine cytomegalovirus
(MCMV) have shown that IE gene activation does not necessarily
correspond to viral reactivation (11). Therefore, while pUL138
activity results in IE gene expression, this activation may be an
unintended consequence of the pUL138 function that does not
result in a reactivation of viral replication. The virus may encode
other functions to curtail full-blown reactivation initiated by the
IE-stimulatory activity of pUL138. As many viral proteins are
multifunctional, pUL138 may suppress viral replication by means
separable from the effect on IE gene expression. It will be impor-
tant to determine how pUL133 may influence the role of pUL138
in modulating cell surface levels of TNFR and how this impacts the
outcome of infection.

In addition to the interaction between pUL133 and pUL138,
we also detected interactions between pUL136 and either pUL133
or pUL138 (Fig. 1). The interaction between pUL133 and pUL136

was detectable during virus infection (Fig. 5). The role of these
interactions in viral infection remains unknown. Determining the
role for pUL136 in the context of the UL133-UL138 locus is com-
plicated by the low levels of pUL136 expression during infection
(22), the internal ribosomal entry site within the UL136 coding
sequence important for the translation of pUL138 (8), and the
multiple isoforms of pUL136 (22). When all four UL133-UL138
locus proteins were expressed, the predominant interaction re-
covered from the immunoprecipitation of pUL133 was the inter-
action with pUL138. The failure to coprecipitate pUL136 may
indicate that this is a less abundant or less favorable interaction. It
is intriguing to speculate how multiple interactions may exist
among the proteins encoded by the UL133-UL138 locus and how
the balance of these interactions in different cell types may dictate
context-dependent outcomes of infection. The nature of these
complexes and their individual contributions to infection will be-
come more apparent as we probe the role of each protein in dif-
ferent contexts of infection.

The UL133-UL138 locus is dispensable for replication in fibro-
blasts, inhibitory to replication in CD34� HPCs, and augmenting
for replication in endothelial cells (22). Determining the role of
the interactions between the proteins encoded by the UL133-
UL138 locus and with cellular proteins is critical to an understand-
ing of how these proteins contribute to the outcome of infection.
Our work has mapped the possible interaction between proteins
encoded by this locus and demonstrated the existence of a com-
plex between pUL133 and pUL138 in fibroblasts but not endothe-
lial cells. We are not able to directly examine protein interactions
in primary CD34� HPCs, but both proteins function to suppress
viral replication for latency, and the disruption of either protein or
both proteins results in a similar phenotype. This result indicates
that these proteins cooperate to establish latency but do not have
additive functions, as would be expected if they functioned inde-
pendently. Given their ability to modulate outcomes of infection,
the proteins encoded by the UL133-UL138 locus and their inter-
actions represent pivotal targets for the control of viral infection.
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